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Abstract 
Electrochemical energy systems rely on particulate porous electrodes to store or convert energies. 
While the three-dimensional porous structures were introduced to maximize the interfacial area 
for better overall performance of the system, spatiotemporal heterogeneities arose from materials 
thermodynamics localize the charge transfer processes onto a limited portion of the available 
interfaces. Here, we demonstrate a simple but precision method that can directly track and analyze 
the operando (i.e. local and reacting) interfaces at the mesoscale in a practical graphite porous 
electrode to obtain the true local current density, which turned out to be two orders of magnitude 
higher than the globally averaged current density adopted by existing studies. Our results resolve 
the long-standing discrepancies between kinetics parameters derived from electroanalytical 
measurements and from first principles predictions. Contradictory to prevailing beliefs, the 
electrochemical dynamics is not controlled by the solid-state diffusion process once the 
spatiotemporal reaction heterogeneities emerge in porous electrodes. 
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Electrochemical energy storage and conversion systems are critical for a sustainable future1. Lithium-ion 
batteries (LIBs) that offer the highest energy density have revolutionized electronic devices, portable power 
tools and electric cars2–4. But their further advancements have been impaired by the random occurrences of 
elusive safety accidents5,6, which are believed to originate from microscopic heterogeneities in the 
particulate porous electrodes7. State-of-charge (SOC) heterogeneities have recently been identified in both 
the solid-solution8–12 and phase-transforming electrodes13–19, as a direct result of non-uniform distribution 
of electrochemical reactions due to either the structures of the composite porous electrodes8,20 or the 
thermodynamics of the active materials21,22. While the nanoscale heterogeneities in individual particles 
detected by synchrotron X-ray provide deep insights on the possible degradation mechanisms, the 
evolutions of the heterogeneities among hundreds of particles sitting in realistic surroundings are critical 
for the understanding of the true local electrochemical kinetics that dictate the real-time performance. 
The immediate consequence of the spatiotemporal heterogeneities is that the actual reacting interfacial 
area at any instant, i.e. area of the operando interfacial area, is only a small portion of the total available 
interfacial area usually obtained from the Brunauer-Emmett-Teller (BET) method. Given that existing 
electroanalytical techniques23,24 rely on the square-law scaling 𝐷𝐿𝑖+~[𝐼(𝑡)/𝑆]
2  to extract the diffusion 
coefficient 𝐷𝐿𝑖+  from the total current I(t) and the assumed constant total interfacial area S, the 
electrochemical kinetics in systems with strong heterogeneities may have been misinterpreted due to the 
smaller operando interfacial area. As one of the most widely used electrodes for both the nonaqueous15,25 
and aqueous26 batteries, graphite electrodes27 are known to have strong reaction heterogeneities13,15 reflected 
by its particle-by-particle reaction mechanism15,21. Depending on the choices of interfacial area, the lithium-
ion diffusion coefficient in graphite (𝐷𝐿𝑖+) extracted by the traditional electroanalytical methods varies by 
about 8 orders of magnitude in the literature28–36. Still, 𝐷𝐿𝑖+  obtained during phase transformation were 
always about 2 orders of magnitude lower than the average29,35. The discrepancy has long been doubted as 
the inaccuracy of the interfacial area37, but direct experimental evidence is still missing. Similar orders-of-
magnitude discrepancies also exist in other porous electrodes composed of phase-transforming24 or solid-
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solution particles38–40, missing satisfactory explanations. The discrepancies in the kinetic parameters 
directly affect the determination of the rate-limiting step, and thereafter undermine the validity of traditional 
electroanalytical techniques and the effectiveness of the predicted rational design guidance. 
Here, we use graphite as our model system to demonstrate the direct quantification of the true local 
current densities for precision electrochemical kinetics. The unique color changing property during graphite 
lithiation15,36 allows us to develop economical operando platform with optical microscope to investigate the 
dynamics of the heterogeneities at high speed and at the mesoscale (imaging hundreds of particles 
simultaneously every two seconds). Our study reveals that the state of charge (SOC) heterogeneities are 
indeed the result of reaction heterogeneities, which lead to the localization of reaction flux onto a limited 
number of particles in the electrode. Using the moving phase boundaries between different stages (phases) 
to approximate the operando electrochemical interfacial area, the true local current density was determined 
to be about 2 orders of magnitude higher than the globally averaged current density. Without presumptions 
on the rate-limiting steps, our further analyses suggest that, once the heterogeneities emerge, the operando 
(i.e. local and working) electrochemical kinetics of the porous electrode is not diffusion-limited. The 
diffusion coefficients obtained using our new method resolve the long-standing huge discrepancies between 
experiments and theoretical predictions. 
Spatiotemporal heterogeneities.  
Figure 1 demonstrates the color evolution in a thin graphite electrode during a potentiostatic intermittent 
titration technique (PITT) experiment from 275 mV to 0.1 mV (vs. Li/Li+), with a step size of 10 mV and 
threshold current of C/20. The entire lithiation process can be divided into three segments. Segment (I) is 
before the voltage stepping from 85 mV to 75 mV shown in Fig. 1. During the voltage hold at 75 mV, 
Segments (II) and (III) were identified and divided by phase transformation features. 
In segment (I) all empty particles (dark grey) reacted concurrently regardless of their morphology and 
size, until they all turned blue (Stage 3). At this point, the blue particles accommodated 23% of the total 
capacity supplied in the entire PITT discharge and brought down the cell voltage from 275 mV to 85 mV. 
Since, at this moment (t = 0 s shown in Fig. 1), all the particles were in Stage 3 (blue), the SOC associated 
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with Stage 3 was determined to be the global SOC of the electrode, i.e. 𝑥𝐵 = 23%, slightly higher than the 
values adopted in earlier works15,41.  
 
Figure 1: Evolution of stages during Li+ ion intercalation during the voltage stepping from 85 mV to 
75 mV vs Li/Li+. a, Snapshots of the entire viewing area under the optical microscope with the 50x 
objective, at four times: t = 0 s, 3000 s, 8700 s and 14400 s. b, Magnified photos highlighting the coexistence 
of different stages intra- and inter- particles. c, The converted RGB images showing the actual area fraction 
quantified by ImageJ. The observed blue, red and gold colors were converted to standard blue, red and 
green colors, respectively. d, The evolution curves of the colored areas during the voltage stepping, 
obtained from the direct image analysis along with the physically adjusted analytical curves (refer 
Supplementary Information Section 8 for details). e, The derived phase currents based on the time-
derivative of the physically adjusted area evolution curves. Scale bar: 5 µm 
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In segment (II), a few blue particles began to turn red at the onset of the PITT voltage stepping from 85 
mV to 75 mV. The localized red (Stage 2) region always coexisted with the blue (Stage 3) regions within 
the same particle. The evolving boundaries between the red and blue regions clearly reveal the phase 
transformation process. Upon careful visual inspection, we observed that the Li+ ion flux prefers to go into 
particles with phase boundaries. The remaining blue (Stage 3) particles will begin receiving Li+ ion flux 
only after existing boundary-containing phase-transforming particles become completely red. The red 
particles then remain inactive, waiting for all the other particles to reach the same stage. This process is 
consistent with the particle-by-particle reaction mechanism of LiFePO4 electrodes at low current densities 
21. Similarly, we determine the SOC associated with Stage 2 (𝑥𝑅) to be 55%, which is the global SOC when 
all particles turned red. In segment (III), while the cell is still under the voltage held at 75 mV, the red 
particles start a similar particle-by-particle phase transformation process to turn gold (Stage 1). The SOC 
associated with Stage 1 (𝑥𝐺) is calibrated 100% based on equilibrium experiments (Supplementary Fig. 5). 
By converting the color into standard RGB map (Fig. 1c), we were able to exclude the all-time inactive 
regions and accurately quantify the areas covered by the three colors (Stages) in nearly 15,000 operando 
images. The sequential reaction process is quantitatively reflected by the evolution curves of the area 
fractions for different colors, shown in Fig. 1d. 
Currents carried by individual colors (phases)  
With the SOCs for each color determined above, i.e. xB = 23%, xR = 55%. xG = 100%, the area fraction 
evolution curves can be converted into capacity evolution curves (Supplementary Fig. S8), by 𝑄𝑖 =
𝑥𝑖𝑎𝑖(𝑡)𝑞𝑜𝐴𝑇. Here, 𝑖 represents Blue, Red, and Gold colors. 𝑄𝑖 and 𝑎𝑖 are the capacity and the area fraction 
of color i. 𝑞𝑜 is the areal capacity of the entire electrode, and 𝐴𝑇 is the total area of particles accounted in 
the image analysis. The capacity curves directly converted from experimental data were physically adjusted 
based on charge conservation, to exclude possible system and sampling errors. By further taking the first-
order time-derivative of the charge associated with each color, the phase current can be obtained via, 
𝐼𝑖(𝑡) =
𝑑𝑄𝑖
𝑑𝑡
= 𝑥𝑖𝑞𝑜𝐴𝑇 (
𝑑𝑎𝑖
𝑑𝑡
) (1) 
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Figure 1d of the derived phase currents suggest that the stable phases/stages grow or diminish faster 
than the rate of charge supply (total current), which points towards the direction that the rate enabled the 
phase boundary propagation is much higher than the reaction rate estimated by using the total current. Since 
Li+ ions insert into graphite through the edge planes, not through the basal plane that reveal the colors, the 
area of the phase boundary, i.e. length of the phase boundary times the thickness of the particle, must be 
determined, in order to obtained the true local current density.  
Operando interfacial current densities.  
 In principle, Li+ ions can intercalate into graphite particles from anywhere on the edge planes to form 
a shrinking-core type pattern, as observed in a 50-μm graphite disk42 and 400-um graphite flake43. For our 
graphite particles with a mean particle size of 8.13 μm (Supplementary Fig. S3), however, ion intercalations 
appear to occur only on a limited portion of the particle perimeter. The phase boundary, originated from 
the edge, quickly straightens itself to form an intercalation wave to propagate through the remaining body 
of the particle (Fig. 2a). Since we only observed color change at the phase boundaries and not in the stable 
regions during Li+ ion intercalation, the net flux within any color is conserved, and that led to the movement 
of phase boundary is identical to the reaction flux at the particle edges. Based on this observation, we 
propose to use the mathematical product of the total length of the phase boundaries and the thickness of the 
graphite particles as the true operando interfacial area within the porous electrodes. With proper Boolean 
operations (see Methods and Supplementary Fig. S5), the length of the phase boundaries can be determined 
by ImageJ. As shown in Fig. 2b, the total length of the Blue-Red (𝐿𝐵𝑅 ) boundaries increased at the 
beginning of the voltage stepping from 85 mV to 75 mV, then decreased toward zero in a time span of 2900 
s. While the total length of the Red-Gold boundaries (𝐿𝑅𝐺 ) slightly increased at the onset of voltage 
stepping, it remained relatively constant at a value close to zero. The trend is consistent with the decaying 
of the global total current. At the moment 𝐿𝐵𝑅 decayed to nearly zero and stopped changing, a rapid increase 
in 𝐿𝑅𝐺 was observed, corresponding to the onset of phase transformation from Red (Stage 2) to Gold (Stage 
1), while the global total current was still decreasing, indicating a dramatic change of the actual interfacial 
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current density. 𝐿𝑅𝐺 maintained a steady growth and became almost constant as the global current began to 
saturate.  
 
Figure 2: Evolution of the total lengths of phase boundaries and the associated local current 
densities. a, Moving phase boundaries (white dotted lines) within a typical graphite particle during the 85 
mV – 75 mV voltage stepping. b, Evolutions of the total lengths of interfaces between blue and red regions 
and between red and gold regions during the voltage step, determined from the direct image analysis of 
the viewing area of the electrode. c, The current density calculated based on the effective operando 
interfacial area. Inset shows the globally average current density based on the BET surface area. 
By multiplying the total length of the phase boundaries determined from direct image analysis with the 
thickness of our graphite particles (see Methods), the operando interfacial area and therefore the operando 
interfacial current density, i.e., the truly working local current density, can be estimated. As shown in Fig. 
2c, the operando interfacial current densities are about two orders of magnitude higher than the globally 
averaged current density based on the BET area (9.424 m2/g). This two-orders-of-magnitude discrepancy 
will be amplified to a four-orders-of-magnitude difference in the derived diffusion coefficients, via the 
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square-law scaling of the traditional electroanalytical methods23,24. This discrepancy questions the 
prevailing belief that the rate-limiting step of Li+ ion intercalation in graphite is the bulk diffusion. 
Kinetic parameters from reaction-limited and mix-controlled processes.  
The operando interfacial current densities determined above can be plotted against 1/√𝑡  to perform a 
kinetic analysis44. The lack of a straight line (predicted by the classic Cottrell equation) suggests that the 
process is likely not diffusion-limited. Instead, using the modified PITT model45,46 (mPITT) without 
presumption of the rate-limiting step, the dynamic process can be investigated more rigorously in two 
dynamic regimes, 
𝐽(𝑡) =
𝐷𝐿𝑖+𝑄
𝑙𝑉𝑇
𝐵 exp (𝐵2
𝐷𝐿𝑖+𝑡
𝑙2
) erfc (𝐵√
𝐷𝐿𝑖+𝑡
𝑙2
) ,        𝑡 ≪
𝑙2
𝐷𝐿𝑖+
(2𝑎) 
ln[𝐽(𝑡)] = −𝜆1
2 (
𝐷𝐿𝑖+𝑡
𝑙2
) + ln [
2𝑄𝐷𝐿𝑖+
𝑙𝑉𝑇
𝐵2
(𝜆1
2 + 𝐵2 + 𝐵)
] ,    𝑡 ≫
𝑙2
𝐷𝐿𝑖+
 (2𝑏) 
where 𝐽(𝑡) is the transient local current density, 𝐵 is the electrochemical Biot number, 𝑡 the step time, 𝑙 the 
diffusion length, set to be one half of the dimension of basal plane29, i.e. 4µm for our case. erfc represents 
the complementary error function. 𝜆1 is the first order positive root of equation
45 𝜆1 tan 𝜆1 = 𝐵. Q is the 
total capacity transferred during the respective time. VT is the total volume of the particles in the electrode.  
With the operando interfacial current densities identified in Fig. 2c, Eq (2a) was used to fit the diffusion 
coefficient 𝐷𝐿𝑖+  and the electrochemical Biot number, by minimizing the least squares (Figs. 3a-3c). 
Among all the recorded phase transformations, only the Red to Gold transformation was long enough to 
enter in the regime of 𝑡 ≫ 𝑙2/𝐷𝐿𝑖+, which was fitted by Eq. (2b) for 𝑡 > 4000 s (Supplementary Fig. 9). A 
critical feature of the mPITT model45 is that the apparent two independent fitting parameters are actually 
constrained by the system-specific exchange current density (j0) via the definition of Biot number, 𝐵 =
−𝑗0𝑙(𝜕𝑈/𝜕𝐶)/(𝐷𝐿𝑖+𝑅𝑇). Here, ∂U/∂C is the derivative of the open-circuit voltage (OCV) with respect to 
the solid-state Li+ ion concentration, as explained in the Supplementary Information (Section 11). R is the 
gas constant and T is the temperature. While the mPITT method itself allows the evaluation of j0, 
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independent electrochemical impedance spectroscopy (EIS) experiments were performed on the same 
operando cell to obtain physical justification and validation for the curve fittings. By analyzing the Nyquist 
plots with the equivalent circuit model (Supplementary Fig. S11), the charge-transfer resistance (𝑅𝐶𝑇) can 
be obtained to calculate the exchange current density via46 j0 = RT/(FARCT). Here, A is the operando 
interfacial area, and F is the Faraday constant. Using the room temperature of T = 298K, a good agreement 
was found between the exchange current densities obtained from EIS and from mPITT (Fig. 3d).  
 
Figure 3: Comparison between the operando interfacial current density and the modified PITT 
model. Fitting results of operando interfacial current density during a, Blue to Red phase transformation 
(JBR), b, Red to Gold phase transformation (JRG), and c, the solid-solution region from 215 mV – 125 mV. 
d, Comparison between exchange current densities extracted from the mPITT model and independent 
Electrochemical Impedance Spectroscopy (EIS) experiments at various SOCs. 
As shown in Fig. 4, the Li+ ion diffusion coefficients into graphite (black solid line) fitted from the 
mPITT model using the operando interfacial area determined from direct image analysis lie in a relatively 
narrow range of 6.39 × 10−11 − 4.71 × 10−10  cm2 s-1. Owing to the operando interfacial area, the 
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diffusion coefficients in the SOC range with phase transformations no longer drop by two orders of 
magnitude, as reported in earlier studies29,35. The electrochemical Biot number (red dashed line) decreases 
during lithiation into graphite, indicating the transition from diffusion-limited process to the mix-controlled, 
and finally to the reaction-limited process, marked by vertical dashed lines in Fig. 4. Although the 
occurrences of major voltage steps (𝑡 > 500𝑠) during the entire PITT experiment vary in five different 
operando cells, the fundamental mechanism of the Li+ ion intercalation follows similar trend, yielding Li+ 
ion diffusion coefficients and Biot numbers in the same orders of magnitude (Supplementary Fig. 10). As 
anticipated, the diffusion coefficients identified here are nearly four orders of magnitude higher than that 
extracted from traditional methods considering a diffusion-limited Cottrell mechanism (1.18×10-14 cm2 s-
1), yet using the BET-averaged current density. Our results provide the straightforward evidence that for 
SOC > 9 %, Li+ ion diffusion into graphite can be considered a fast process, as speculated by earlier 
studies30,36,45. Once the spatiotemporal heterogeneities emerge, the process is no longer diffusion-limited, 
consistent with a recent scaling analysis43. 
 
Figure 4: SOC-dependent diffusion coefficients and electrochemical Biot numbers from 5 sets 
of independent operando experiments. Symbols represents the mean value. Error bars indicate the 
standard deviation. Vertical dashed lines mark B = 10 and B = 1, which divide the SOC range into diffusion-
limited (SOC < 9%), mix-controlled (9% < SOC < 60%), and reaction-limited (SOC > 60%).  
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Discussion. 
The spatiotemporal heterogeneities observed in porous electrodes made of phase-transforming materials 
are largely caused by the mesoscale particle-by-particle reaction mechanism15,21,47. Due to the nucleation 
barrier for the ion intercalation-induced solid-state phase transformation48, competition on the intercalation 
flux could even occur between two identical particles with exactly the same electrochemical surroundings, 
which means that the heterogeneity will emerge in electrodes with perfectly uniform distributions of active 
particles, pores (electrolyte), conductive additives and polymer binders. While higher total currents, and 
therefore higher overpotentials, were found to promote concurrent reactions among many in-plane 
particles21, they unavoidably promote dynamic heterogeneities along the thickness of the porous electrode, 
i.e. among cross-plane particles18. Eliminating the dynamic heterogeneities may still be achieved by altering 
the nucleation behavior. Reducing the particle size has been confirmed an effective approach to remove the 
nucleation barrier thermodynamically49–51. It is worth mentioning that, contradictory to the prevailing 
understandings, the purpose of reducing the particle size here is not to mitigate the “slow” solid state 
diffusion, as we have demonstrated here that the system is not diffusion-limited. Reducing particle sizes 
will help to bring the system from the mix-controlled regime to purely reaction-limited regime43.  
As opposed to the homogeneous reactions in solutions, reactions occurring on the electrode surface were 
named heterogeneous reactions. However, investigations targeting the spatiotemporal heterogeneities have 
been limited until recently52–54. The huge difference between the available interfacial area and the operando 
interfacial area raises a fundamental question: whether the electrochemical response from electrodes under 
small excitations (e.g. low total current) can be considered from quasi- or near-equilibrium behaviors. Our 
results clearly show that the apparently low total current was actually distributed to about 1% of the 
available interfacial area, leading to a significantly higher local current density than expected. The 
electrochemical responses of the electrode (total current and voltage) are therefore collective contributions 
of far-from-equilibrium behaviors from only a small portion of the electrode. The results remind the 
necessity and importance to always confirm the consistency between the collective electrochemical 
responses and the actual contributing parts in the electrode.  
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Our method is not limited to the PITT technique. Revealing the mesoscale spatiotemporal 
heterogeneities under other types of electrochemical excitations (e.g. galvanostatic cycling, cyclic 
voltammetry, etc.) will lead to critical refinements to existing understandings of the electrochemical kinetics 
and rate-limiting steps. For electrode materials without this unique visible color-changing property, Raman 
spectroscopy appears to an effective monitoring approach to achieve the heterogeneity map55, which can 
be further analyzed following our methods to obtained the operando interfacial kinetics. It is noteworthy 
that, for graphite electrode made of flake-type particles, using just the traditional electrochemical method 
with the constant geometric area of the electrode yields diffusion coefficients in the similar range (10-10-10-
9 cm2 s-1). While this coincidence can be utilized as a rule-of-thumb estimation for the operando interfacial 
area, it is difficult to be justified physically by the microscopic dynamics within individual particles, as 
reflected by the unphysical huge drops of diffusion coefficients whenever phase separation occurs. 
Incorporating the dynamic operando interfacial area into various modified battery models15,56–62 that 
consider the intra- and inter-particle phase transformation physics will enable more effective guidance for 
the rational design of particulate porous electrodes. 
Conclusion. 
    By exploiting the colorimetric behavior of lithiated graphite, we have demonstrated a direct, simple, 
yet precision method to monitor and quantify the spatiotemporal heterogeneities in particulate porous 
electrodes. The true local current density, i.e. the operando interfacial current density by our definition, 
obtained from direct image analysis is ~100 times higher than the BET-average current density. Although 
all the particles in the porous electrodes are electrochemically active and eventually get fully intercalated 
with the Li+ ions, at any time instant, only a limited number of particles and limited portion of the total 
available interfacial area receive the ionic flux. Our operando monitoring clearly revealed that once a 
successful nucleation event occurs and phase boundaries start to form in a randomly chosen particle, it is 
preferred for further intercalation irrespective of its shape and size. Since the Li+ intercalation into graphite 
particles is not diffusion-limited, smaller particles do not necessarily provide a substantial improvement in 
the high-rate performance. However, reducing particle size may help eliminate the reaction heterogeneities 
14 
by altering the nucleation barrier for solid-state phase transformation in individual particles, such that the 
concurrent reaction pathway become thermodynamically favorable, which is beneficial for the cycle life 
and safety. 
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Methods 
Thin electrode preparation: Graphite flakes (7-10 µm, 99%, Alfa-Aesar), PVdF binder (>99.5%, MTI 
Corp) and conductive acetylene black powder (35-40 nm, MTI Corp) were mixed in the ratio 88:10:2 and 
dissolved in 1-methyl-2-pyrrolidone (NMP, 99.5%, Sigma Aldrich) to form a homogeneous slurry. To 
ensure the best imaging quality, the slurry was coated onto separator film by the doctor-blade method. The 
electrodes were dried at 60°C to remove the NMP. Φ8 mm electrodes were punched out and were kept 
under vacuum at 70°C for 12 hours to remove the residual moisture. The active material loading, and 
electrode thickness were 0.7 mg cm-2 and 5 µm, respectively. The SEM images of the electrode are shown 
in the Supplementary Fig. S1.  
Operando setup and experiments. A half-cell using the thin graphite electrode, a Li anode, a glass-
fiber separator, and 1M LiPF6 in EC:DMC (50:50 v/v) in a standard 2032 coin cell with a 2 mm hole on the 
top, was assembled in an Ar-filled glovebox. A 5 x 5 mm glass window was attached using epoxy to seal 
the cell and view the graphite flakes under the optical microscope. The coin cell was placed on a stage of 
the Olympus BX53M microscope under objective 50x for operando observation. The cell was cycled at 
C/4 current five times between cut-off voltages 1.5V and 0.4 mV, to form a stable SEI. We then, performed 
a PITT discharge from 275 mV to 0.1 mV, with 10 mV step size and C/20 threshold current, while capturing 
the time frames every 10s. All the acquired digital photos were processed using ImageJ to quantify the 
colored regions. The detailed description of the procedures is mentioned below. See sections 5-7 of the 
Supplementary Information for more details. 
An Electrochemical Impedance Spectroscopy (EIS) was conducted at intervals of 10% SOC from 10% 
to 100% SOCs. The cells were discharged at 0.1C current to the relevant SOC and relaxed for 2h to reach 
equilibrium before taking the EIS measurements. All the EIS measurements were taken at 10 mV amplitude 
in the frequency range 1 MHz – 1 Hz. The obtained Nyquist plots (Supplementary Fig. S12-S16) were fitted 
using the equivalent circuit model, shown in Supplementary Fig. S11. 
Color thresholds for area quantification.  The built-in Hue-Saturation-Brightness threshold method 
of ImageJ was used to identify the blue, red and gold colors in the photos captured in the operando PITT 
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experiment. ImageJ auto-selects the brightness to accommodate all the non-black regions/graphite flakes. 
All the grey/unreacted regions were first selected between the saturation range 0 – 40 and were converted 
to black. A fixed range of hue was used to select similar colored regions (Red: 0 – 24, Gold: 24 – 44, and 
Blue: 44 – 255) while maintaining the same range of saturation (40 – 255) and brightness. The leftover 
regions or the surrounding matrix, calibrated out at 100% SOC, were converted to the standard black color. 
The above criteria were applied to all the photos with the help of a script. 
Charge conservation calibration. The area evolution curve in Fig. 1c was investigated to understand 
how the stable phases change, which is responsible for the surface reaction, by applying the charge 
conservation within the electrode, ∑ 𝑞𝑖𝐴𝑖(𝑡)𝑖 = 𝑞𝑇(𝑡)𝐴𝑇, where 𝑖 represents Blue, Red, and Gold, 𝑞𝑖 is the 
areal capacity of the 𝑖𝑡ℎ color and can be calculated from the SOC of the 𝑖𝑡ℎ color (estimated above) and 
the theoretical areal capacity of the material (𝑞𝑜), 𝑞𝑖 = 𝑥𝑖𝑞𝑜, 𝐴𝑖 is the area covered by 𝑖
𝑡ℎ color, 𝑞𝑇 is the 
areal capacity of the electrode and 𝐴𝑇  is the total surface area of particles in the electrode. The above 
equation can, then be transformed into ∑ 𝑥𝑖𝑎𝑖(𝑡)𝑖 = 𝑥𝑇(𝑡) where 𝑎𝑖 is the area fraction of the 𝑖
𝑡ℎ color, and 
𝑥𝑇 is the global SOC of the electrode. For known area fractions of stable phases, a phase-transforming 
material should inherently follow this equation. Since we only observed a 100 × 100µm window under the 
optical microscope, the validity of the above equation for the observed region confirms that the analysis 
can be confidently extrapolated to the entire electrode (Supplementary Fig. S8).  
Curve validation and physical adjustment. The capacity carried by each stage during the PITT 
discharge was calculated using 𝑄𝑖 = 𝑞𝑖𝐴𝑖(𝑡) = 𝑥𝑖𝑞𝑜𝑎𝑖(𝑡)𝐴𝑇, as explained in the main text. The equation 
is valid because the intercalation process satisfied the equation ∑ 𝑥𝑖𝑎𝑖(𝑡)𝑖 = 𝑥𝑇(𝑡) during the entire PITT 
(See Supplementary Information Section 8). The individual capacity contribution follows the same trend 
as the area fraction evolution curve in Fig. 1c. They were individually represented by analytical expressions, 
for instance, Stage 3 by an exponential curve, Stage 2 by a 6th order polynomial equation and Stage 1 by a 
logistic S-shaped curve. A detailed description with fitting parameters is provided in the Supplementary 
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Information Section 8. The phase currents were calculated by taking a 1st order time derivative of the 
obtained analytical expressions (Equation 1). 
Small noises were observed while estimating the length of interface using ImageJ (Fig. 2a) due to errors 
arising in the pixel-by-pixel measurement. We removed this noise by applying a quadratic regression 
method in MATLAB, enabling us to obtain smooth interfacial current densities. 
Determination of Interface Area: For a shape with two colors, ImageJ can be used to find the perimeter 
covered by each color, and the outer perimeter of the shape, which together can be solved for the length of 
the interface. In our case, particles existed in three different states at a time. To calculate the length of the 
interface, for instance, the Blue – Red interface, we relied on the fact that the phase transformation in 
graphite can only occur in one order: Stage 3 to Stage 2 to Stage 1. We converted all the green regions in 
the transformed RGB images, to the standard red color, thus eliminating all Red – Gold interfaces. This 
enabled us to find the length of the Blue – Red interface using the above methodology from the following 
equation, 𝐿𝐵𝑅 =
𝑙𝐵𝑙𝑢𝑒+𝑙𝑅𝑒𝑑−𝑙𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
2
. Similarly, we calculated the length of the Red – Gold interface by 
converting all the blue regions to the standard red and applying following equation, 𝐿𝑅𝐺 =
𝑙𝑅𝑒𝑑+𝑙𝐺𝑜𝑙𝑑−𝑙𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
2
 where 𝐿𝐵𝑅 and 𝐿𝑅𝐺 are the lengths of Blue – Red and Red – Gold interfaces respectively, 
𝑙𝐵𝑙𝑢𝑒, 𝑙𝑅𝑒𝑑 and 𝑙𝐺𝑟𝑒𝑒𝑛 are the perimeters of the blue, red and gold regions in the corresponding transformed 
images, and 𝑙𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 is the outer perimeter of all the particles within the viewing frame. 
Considering disc-shaped flakes with an average diameter 8µm and thickness 0.5µm, our ~5µm thick 
electrode constituted ~107 particles with 10 layers stacked over each other. On making a statistical 
assumption that all layers were similar, we calculated the active area by multiplying the total length of 
interface with the electrode thickness. 
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